ABSTRACT. Sera from 3 of 30 adults vaccinated with Haemophilus influenzae type b polysaccharide vaccine (Hib PS) had poor complement-mediated bactericidal activity despite the presence of anti-Hib PS antibody concentrations of 8.6 to 20.5 ~g / m L .
ABSTRACT. Sera from 3 of 30 adults vaccinated with Haemophilus influenzae type b polysaccharide vaccine (Hib PS) had poor complement-mediated bactericidal activity despite the presence of anti-Hib PS antibody concentrations of 8.6 to 20.5 ~g / m L .
These "nonkiller" antibodies killed ~0 . 4 log cfu/mL compared to >3 logs with all but one of the other sera. To investigate the basis of this poor functional activity, we characterized in detail the IgG antibodies to Hib PS present in two of the nonkiller sera, and compared the results with two of the "killer" sera. The latter were selected based on comparable levels of total antibody to Hib PS. No consistent differences were found between the relative proportions of IgG or IgA antibody to total anti-Hib PS antibody, or the respective ratios of IgGl to IgG2 antibody in the nonkiller and killer sera. IgG fractions, and IgG affinity purified antibody to Hib PS were prepared. When tested at 2 pg/mL of antibody, the IgG fractions from the two nonkiller sera had much lower bactericidal activity than the corresponding fractions from the killer sera (3 logs less killing), and the former also had lower complement-mediated opsonic activity (20 and 13% uptake by human PMN compared to 62 and 93%). These data show the striking variability in the functional activity of vaccine-induced antibody to Hib PS. Antibody functional activity is likely to be affected by a number of factors but one important variable appears to be avidity since the IgG anti-Hib PS antibody from the two nonkiller sera had 2-to 5-fold lower avidity than the IgG antibody from the two killer sera. Therefore, measurement of antibody avidity in studies of Hib vaccine immunogenicity would be informative (Pediatr Res 27: 358-364, 1990) Abbreviations Hib PS, Haemophilae injluenze type b polysaccharide NK, nonkiller K, killer RABA, radioantigen binding assay VBS, veronel-buffered saline PMN, polymorphonuclear leukocyte cfu, colony-forming unit Serum antibody to Hib PS confers protection against Hib disease by activating complement-dependent bacteriolysis and/ or opsonization (1). The antibody concentration sufficient to confer protection is not known with certainty but based on epidemiologic and animal studies, it is estimated to be between 0.1 and 1.0 pg/mL of total anti-Hib PS antibody as measured by Farr-type antigen-binding assays (2-6). One problem in determining a "protective" antibody concentration is that there is variability in the isotype distribution of antibody among individuals, and it is possible that different isotypes differ in their ability to confer protection (7). Also, antibodies of the same isotype may have different functional activity as a result of differences in antibody avidity (8, 9) or fine antigenic specificity (10).
Previous studies have attempted to predict the protective eficacy of vaccination by correlating serum antibody concentrations to Hib PS with measurements of antibody functional activity such as complement-mediated bacteriolysis (1 1-17), or opsonization (17-20) . The results suggest that the magnitude of the serum antibody concentration after vaccination correlates with in vitro functional activity (12, 15, 16, 19, 20) . However, there are notable exceptions, and some individuals respond to vaccination with antibodies that have relatively poor bactericidal (12, 15, 16) or opsonic activity (1 9). The purpose of our study was to investigate the basis of the differences in functional activity of serum antibody evoked in adults by immunization with Hib PS vaccine. Adults were selected because of the large volumes of sera required for these studies. However, by defining the factors affecting antibody functional activity in the sera of immunized adults it should be possible in the future to perform similar investigations of serum antibodies from immunized infants.
MATERIALS AND METHODS
Human sera. Thirty adults were immunized with 25 pg, s.c., of Hib PS vaccine (Praxis Biologics, Inc., Rochester, NY). Sera were obtained 1 to 2 mo later and screened for bactericidal activity using 20% heat-inactivated serum, an inoculum of -lo6 log-phase organisms and 20% agammaglobulinemic serum as a complement source. Details of the bacterial strains used and assay conditions are described below. Four subjects had poor complement-mediated serum bactericidal activity. One of the four sera had 3.5 pg/mL of antibody to Hib PS and was not characterized further. Two of the remaining three sera were characterized in detail. They contained 20.5 and 9.2 pg/mL of antibody to Hib PS, and killed <0.4 log cfu/mL of Hib compared to >3 logs with the other 26 sera. The antibodies of the two adults were designated as NK. Sera obtained from the two NK adults 12 to 20 mo after vaccination still failed to kill Hib and were used in the studies described below. Sera obtained from two additional adults 14 mo after vaccination were selected based on the presence of bactericidal activity (>3.5 logs killing), and levels of anti-Hib PS antibody comparable to those measured in the two NK sera (antibodies in these control sera were designated K).
Serology. Except where noted, the concentrations of total anti-Hib PS antibody were measured by a RABA previously described (21, 22) . This assay uses 50 pL of test sample diluted to a final vol of 500 pL, and polyethylene glycol radioimmune precipitation. '251-Hib PS (kd = 0.68 on Sepharose 2B) was used as the test antigen. A previously described solid phase ELISA was used to measure IgA, IgG, IgGl, 23) . The IgG and IgA were detected using biotin conjugated goat anti-human IgG antibody, y-chain specific (1:5000), or antihuman IgA, a-chain specific (1:2500), (Tago, Inc., Burlingame, CA), with avidin-alkaline phosphatase. The anti-IgGl reagent was monoclonal antibody HG 1 1 (24). To detect IgG2 antibodies, a mixture of two MAb, HP60 14 (diluted 1 :20 000) and HP6008 (1:1000) from ICN Immunologics (Lisle, IL), was used. This combination permitted optimal sensitivity while minimizing the A-light chain preference of HP6014 (25). Preparation of ZgG fraction. IgG fractions were prepared by gel-filtration on Sephacryl S-300 (Pharmacia Fine Chemicals, Uppsala, Sweden). The anti-Hib PS antibody concentrations in the fractions were determined by class-specific ELISA (see above). IgG fractions with no detectable IgA or IgM antibody were pooled and concentrated by ultrafiltration with an Amicon PM 30 Diaflo filter (Amicon Corp., Danvers, MA). The portion of IgG used for measurement of bactericidal activity was dialyzed against VBS containing 8.5 g NaQ0.46 g sodium salt of barbitol, 0.5 1 g barbituric acidlliter (pH 7.4). After dialysis, the IgG was sterilized using a syringe filter (0.2 pm, Gelman Science Inc., Ann Arbor, MI), and the antibody concentrations were measured by RABA.
Preparation of affinity purified anti-Hib PS antibody. The IgG fractions were incubated with an affinity matrix containing Hib PS that had been prepared according to the method of Kuo (27) , and then coupled to aminohexyl Sepharose 4B (Pharmacia Fine Chemicals) using cyanogen bromide as deschbed (28). The afinity-purified anticapsular antibody was eluted with 3.5 M MgC12, immediately diluted 1:2 in VBS-BSA, and then, dialyzed against VBS. The fractions were concentrated to approximately the original serum concentration of IgG anti-Hib PS antibodies, filter sterilized, and reassayed by RABA.
Bacteria. Two Hib test organisms were used, strains Eagan (1 I) and MinnA (29). Both are fully encapsulated type b organisms originally obtained from patients with invasive Hib disease. Strain Eagan has the outer membrane protein subtype 1L (30), and MinnA has the outer membrane protein subtype 1H. The latter isolate is representative of the most common clonal group of Hib currently causing disease in the United States (30, 3 l), whereas, the former, isolated in 1968 (1 l), is representative of a strain prevalent in the United States between 1940 and 1954 (32, 33) . The two isolates have been maintained frozen at -70°C in skim milk in multiple vials. Both isolates are resistant to killing by complement alone; and are highly virulent in the infant rat model of bacteremia (13, 14, 34) .
Bactericidal assay. Complement-mediated bactericidal activity was measured as previously described (l6), except that VBS-BSA was used instead of Hanks' balanced salt solution with 0.1% gelatin. The reaction mixture had different concentrations of antibody, and a final concentration of 20% agammaglobulinemic serum as the complement source (I 3), log-phase Hib cells (strain Eagan or MinnA at -lo6 cfu/mL in VBS-BSA except as noted), and 0.15 mM CaC12 and 0.50 mM MgC12. The final volume was 120 pL. The reaction vials were incubated at 37°C in a shaking water bath (100 cycles/min) for 60 min, and serial dilutions were plated on chocolate agar plates. Bactericidal titers were defined as the log decrease in cfu/mL compared to that present prior to incubation (time 0).
Opsonophagocytosis assay. Enhancement of phagocytosis by affinity purified anti-Hib PS antibodies and complement was investigated by measuring uptake of [3H]thymidine-labeled Hib cells by human PMN as previously described (18). In brief, a loop full of Hib strain MinnA from an overnight growth on a chocolate plate was inoculated into 20 mL of Trypticase soy broth (BBL Microbiology System, Cockeysville, MD) supplemented with 15 pL/mL of methyl-[3H]thymidine (sp act, 50-80 Ci/mmol; New England Nuclear Corp. Boston, MA), and NAD and hemin, each at 10 pg/mL. The bacteria were grown for about 1.5 h to an OD of 0.35-0.45 at 600 nm. They were washed twice in VBS-BSA supplemented with 0.15 mM CaC12 and 0.50 mM MgC12 (designated VBS-BSA'+) and resuspended in VBS-BSA (no added Ca or Mg) to a final concentration of approximately 2 x lo9 cfu/mL (5-7 x lo6 cpm/mL). Radiolabeled Hib (2 x 10' cfu/mL) were preopsonized with different concentrations of affinity-purified anti-Hib PS antibody, and 25% complement in a final volume of 250 pL. The complement source was the same agammaglobulinemic serum as used in the bactericidal assay described above. To minimize complement-mediated bacteriolysis in the opsonic assay, preopsonization was performed in VBS-BSA'+ supplemented with 0.2% glucose and 5% Bacto Fildes Enrichment (Difco Laboratories, Detroit, MI) as described (35).
One healthy adult donor was used as a source of PMN. The PMN were separated from peripheral blood by dextran sedimentation followed by centrifugation over lymphocyte separation media (Bionetics Laboratory Products, Kensington, MD) (1 8). For purposes of calculation, uptake of control Hib preopsonized with complement and 10% immune serum pool was assumed to yield 100% uptake because it approached the upper limit of uptake of the assay (1 8). The undiluted immune pool contained 164 pg/mL of anti-Hib PS antibody. Preopsonization of Hib with complement and 10% heat-activated agammaglobulinemic serum added instead of immune serum yielded uptake of 9 to 19% compared to control and was considered background in the assay. After subtraction of background, the results of the opsonic assay were expressed as 100 times the ratio of uptake of Hib by PMN to uptake of control Hib preopsonized with complement and 10% immune serum pool.
Inhibition of anti-Hib PS antibody binding. IgG fractions were diluted to contain approximately 1 pg/mL of anti-Hib PS antibody and incubated with PBS or different concentrations of soluble Hib PS (range 0.0 1 to 10 pg/ml) or cross-reacting Escherichia coli K 100 PS (range 1 -100 pg/mL). The E. coli K 100 PS was prepared from E. coli strain Easter, by the same method used to prepare Hib PS (27). The reaction vials were incubated at 37°C for 1 h and then overnight at 4°C. The tubes were centrifuged (1 500 x g for 5 min) and anti-Hib PS antibody was measured in the supernate by the RABA. The results were expressed as the concentration of PS needed for 50% inhibition of anti-Hib PS antibody binding.
Functional affinity. The functional affinity, or avidity, of antibody to Hib PS was measured in the IgG fractions using a method modified after that described by Griswold et al. (9) . In brief, a RABA was performed using 0.075 ng/mL of the radiolabeled Hib PS antigen instead of the usual concentration of 3.0 ng/mL to insure that the antibody concentration was in excess. Also, to conform to the Griswold procedure, the RABA was modified to use a final vol of 70 pL instead of 500 pL (21), and an equal vol of saturated ammonium sulfate was used to precipitate antibody and antigen-antibody complexes instead of polyethylene glycol radioimmune precipitation (21). The fraction of bound antigen was calculated from counting the radioactivity of the pellets at different antibody dilutions. The avidity constant was given by the formula Kav = bound/(i -bound) x [Ab], where Kav is the avidity constant, bound is the fraction of bound antigen, and [Ab] is the concentration of anti-Hib PS antibody 360 AMIR ET AL (mol wt = 150 000) as measured by the RABA assay using 3 ng/ mL of radiolabeled antigen, the usual concentration of antigen. The avidity constant was calculated at each dilution with bound values between 0.2 and 0.8. The avidity value for the IgG fraction was determined by the mean of the values calculated at each dilution. Table 1 summarizes the anti-Hib PS antibody concentrations in sera obtained before, 1 mo after vaccination, and 12 to 20 mo after vaccination from the four subjects. Sera from the late bleeds were used in our analysis of functional activity described below. Total antibody concentrations in these sera ranged between 8.0 and 10.6 pg/mL. There were no consistent differences in the relative proportions of IgG or IgA antibody to total anti-Hib PS antibody, or in the respective ratios of IgGl to IgG2 antibody in the NK and K sera ( Table 1 ). The concentrations of IgA antiHib PS antibody were low in all four sera ( Table I) .
RESULTS
The effect of inoculum size on the bactericidal activity of each of the sera was evaluated using 20% agammaglobulinemic serum as a complement source, and test sera diluted to contain 2 pg/ mL of anti-Hib PS antibody (Fig. 1) . With an inoculum of -3 x lo3 cfu/mL of Hib strain Eagan, all four sera had equivalent bactericidal activity. But, with inocula between lo5 to lo6 cfu/ mL (the concentration of bacteria used in our initial screening assay), the two K sera killed 4 logs more Hib than the two NK sera. Virtually identical results were obtained with Hib strain MinnA (data not shown). An inoculum of -lo6 cfu/mL of strain Eagan or MinnA was chosen for subsequent studies of bactericidal activity.
IgG fractions were prepared by Sepharyl S-300 chromatography of each of the four sera. Column fractions, containing no detectable IgM or IgA anti-Hib PS antibody by ELISA, were pooled. The resulting IgG fractions contained <1% of total IgM and <2% of total IgA as determined by nephelometry. Affinitypurified anti-Hib PS antibody was then prepared from each of the four IgG fractions using an Hib PS Sepharose column as described in the Materials and Methods. The respective ratios of IgGl to IgG2 in the affinity-purified antibodies, as determined by ELISA, corresponded closely to the ratios of IgGl and IgG2 antibody measured in the original sera (Table 1) .
Complement-mediated bactericidal activity was measured in the respective sera, IgG fractions, and IgG affinity-purified antibodies (Fig. 2) . Before the assay, the anti-Hib PS antibody concentrations were measured and adjusted according to the results of the RABA so that each fraction contained 2 pg/mL of anti-Hib PS antibody. The inoculum was lo6 cfu/mL of Hib strain Eagan. [Virtually identical results were obtained with strain MinnA (data not shown).] The respective IgG fractions and IgG affinity-purified antibodies prepared from sera of subjects NK-1, and K-1 and K-2 had bactericidal activity similar to that found in the corresponding original sera (Fig. 2) . However, the respective IgG and affinity purified anti-Hib PS antibody fractions from the serum of subject NK-2 had somewhat greater bactericidal activity than the original sera but still showed more than 3 logs less killing than the IgG fractions from the K-1 and K-2 sera.
No bactericidal activity was demonstrated in any of the NK or K sera or corresponding IgG fractions after absorption on a Hib PS-Sepharose column, a result indicating that at the antiHib PS antibody concentrations tested, any anti-noncapsular antibodies present in the sera or IgG fractions were not contributing to the bactericidal activity.
The effect of preopsonization with 25% complement and different concentrations of IgG affinity-purified anti-Hib PS antibody on the uptake of radiolabeled Hib cells by human PMN is demonstrated in Figure 3 . The IgG antibodies isolated from the two K sera induced greater uptake of Hib by PMN than IgG antibodies from NK-1 and NK-2 sera. The concentrations of IgG anti-Hib PS required for 50% control uptake of Hib were 1.4 and 0.6 pg/mL for the antibodies prepared from the two Ksera, and 3.5, and >4 pg/mL, respectively, for the two NK antibodies. Also, the percent uptake of Hib preopsonized with 2 pg/mL of IgG affinity purified anti-Hib PS antibody paralleled the results of measurement of complement-dependent bactericidal activity using the same concentrations of antibody ( Table   7 \ &I.
The basis for assigning values for the antibody concentrations of the sera and IgG fractions is the antigen-binding equivalence to dilutions of a reference serum pool obtained from the Ofice of Biologics (36). Previous studies suggest that the slopes of binding-dilution curves of some antibodies to Hib PS may vary and, thus, affect the assigned antibody concentration as determined by RABA (36) or ELISA (37). Therefore, each of the IgG fractions was diluted to contain -1.6 pg/mL of antibody to Hib PS as determined by the RABA, and the slopes of the respective binding-dilution cusves obtained by RABA were compared to that obtained with dilutions of the Office of Biologics reference serum (Fig. 4A) . A similar experiment was performed with the ELISA (Fig. 4B ), but the starting antibody concentrations were lower (-0.1 pg/mL). By both assays, the respective bindingdilution curves of the IgG antibodies from the four subjects were very similar and were parallel to that of the reference serum. Also, before dilution, there was good agreement between the respective antibody concentrations assigned to the individual fractions by ELISA or RABA (compare ELISA to RABA-1, regular antigen concentration, Table 3 ).
Antigenic fine specificity of the NK and K antibodies was evaluated by measuring the ability of different concentrations of soluble Hib PS or cross-reacting E. coli KlOO PS to inhibit binding of IgG fractions to radiolabeled Hib PS. The Hib PS concentrations that inhibited 50% binding were 0.15 and 0.17 pg/mL, respectively, for IgG fractions from NK-1 and NK-2; and 0.15 and 0.10 pg/mL for IgG fractions from subjects K-1 and K-2. Hib PS binding to the purified IgG antibodies was not significantly inhibited by E. coli KlOO polysaccharide (concentrations of 100 pg/mL inhibited <15% antibody binding). As another measure of V region structure, we also assayed crossreactive idiotype expression as defined by inhibition of anti-Hib PS antibody binding to radiolabeled Hib PS by a goat antiidiotype previously described (38). Inhibition of 30 and 50% was detected in IgG from subjects NK-1 and NK-2, respectively; and 70 and 30% in K-1 and K-2. Thus, the range of cross-reactive idiotype expression was similar in NK and K antibodies.
The functional affinities (avidity) of the IgG anti-Hib PS antibodies are presented in Table 3 . The IgG antibodies of subjects NK-1 and NK-2 had lower avidity constants (0.59 and 1.03 nM-') compared to the IgG antibodies from the sera of the two K subjects (2.17 and 3.35 nM-I). We also measured avidity in the sera from the NK and K subjects, and in sera from five additional immunized adults selected because of >4 log killing in the original screening bactericidal assay. The avidity constants measured in the sera of the two NK and two K subjects were similar to those of the respective IgG fractions ( r = 0.98). Further, the sera from the five additional adults with good serum bactericidal activity all had anti-Hib PS antibodies of high avidity (mean avidity constant = 2.70 nM-'; range = 1.75 to 5.6). The antibodies present in the Haemophilus injluenzae reference serum from the Office of Biologics also had a high avidity constant (mean + SE = 4.08 5 0.28 nM-' as measured in five assays).
Previous studies have shown that the results of the RABA are dependent on the assay conditions, and tend to be more affinitydependent when measured at low concentrations of radiolabeled antigen that at high antigen concentrations (9, 36). The effect of performing the RABA under different conditions on the antibody concentrations assigned to each of the IgG fractions is shown in Table 3 . With the RABA-2 [used for determination of avidity by the Griswold method (9)], using 1.40 of the usual Hib PS antigen concentration resulted in markedly lower antibody concentrations assigned to the IgG fractions from NK-1 and NK-2 but s! t After subtraction of background, the percent uptake by PMN of Hib I : strain MinnA preopsonized with 2 pg/mL of antibody is compared to preopsonization with immune serum pool, assumed to yield 100% uptake (see Materials and Methods). The complement concentration was 25%. The results are exvressed as mean a SD of three assavs.
. $ Hib strain designations (see Materials and Methods).
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only a modest or no decrease was observed in the concentrations assigned to the fractions from K-1 and K-2. With the RABA-1 A (our usual assay), similar respective trends were observed with each of the fractions when tested at the two antigen concentra-
tions, but the relative differences between the individual NK and I 10 100 K fractions were less than when measured by the RABA-2. '/DILUTION
DISCUSSION
In this study, the activity of antibodies to Hib PS from the sera of vaccinated adults was compared using RABA, ELISA, and functional assays of bactericidal and opsonic activity. Postvaccination sera from two healthy individuals with 20.5 and 9.2 pg/mL of antibodies to Hib PS failed to kill Hib when tested at 20% concentration, using agammaglobulinemic serum as an external complement source and an inoculum of lo6 cfu/mL.
Musher et al. (16) , using a similar assay, also found low bactericidal activity in sera of some adults immunized with Hib PS. In our study, this phenomenon is shown to be related, in part, to the ratio of antibody molecules to the number of microorganisms present in the reaction mixture. When assayed with 3 x lo3 cfu/ mL of Hib, all of the sera had effective bactericidal activity. But, with 1 O6 cfu/mL [the inoculum used by Musher et al. (1 6) ], only the K sera had >3 logs of killing ( fig. 1) . Thus, at antibody to cfu ratios of -600 pg/cfu, the serum bactericidal activity of the four sera appeared similar but at limiting dilutions between 0.6 and 6 pg/cfu, marked differences became apparent. The assay conditions that correlate best with the in vivo situation are currently undefined. In the present study, a high inoculum assay with a ratio of 0.6 pg/cfu was chosen for further evaluation because it best demonstrated the differences in functional activity among the individual sera. Although only low numbers of bacteria are likely to be encountered during the initial phase of bloodstream invasion in children, the low concentrations of complement and antibody per bacteria present in the high inoculum bactericidal assay may be encountered in infected body fluids such as cerebrospinal fluid (40).
Besides low bactericidal activity, the IgG antibody from the two NK subjects also had lower complement-mediated opsonic activity than antibodies of the two K subjects (Fig. 3) . We considered a number of possible reasons for the lower bactericidal and opsonic activity of the IgG antibodies in the NK sera.
A prozone phenomenon (16) was ruled out by diluting the sera and IgG fractions of the NK subjects further without any increase in bactericidal activity (data not shown). The presence of noncomplement-activating antibodies may block the complement-mediated bactericidal activity of IgG antibody (4 1-43). Fig. 4 . Binding-dilution curves of IgG fractions from sera of each of the NK and K subjects in relation to the binding dilution curve of the Office of Biologics H. influenzae type b reference serum. A, RABA. IgG fractions and reference serum were diluted to contain -1.6 pg/mL of total anti-Hib PS antibody as determined by RABA using 3 ng/mL of radiolabeled antigen. Percent of bound radioantigen was then measured in serial 2-fold dilutions. B, IgG ELISA. The IgG fractions and reference sera were diluted to contain -0.1 pg/mL of IgG anti-Hib PS antibody as determined by ELISA. Antigen-binding as determined by absorbance 405 was then measured in serial 2-fold dilutions. Previously, IgA anti-Hib PS antibodies were shown to have low bactericidal activity (7), and IgA antibodies have been reported to block bactericidal activity to Neisseria meningitidis (4 1, 42) .
Preliminary data also suggest that IgG2 or IgG4 antibody to
Psuedomonas aeruginosa lipopolysaccharide is nonopsonic and may block the activity of IgGl or IgG3 antibodies (44). We considered blocking IgA antibody an unlikely explanation for the poor functional activity of the two NK sera because the respective IgG fractions and IgG affinity-purified anti-Hib PS antibodies also had low bactericidal activity ( Fig. 2; Table 2 ). However, we cannot rule out the possibility of the presence of IgG2 or IgG4 blocking antibodies in the NK fractions.
In a previous study, using an assay inoculum of -lo3 cfu/mL, IgGl antibody to Hib PS was found to be about twice as effective in activating complement-mediated bacteriolysis of Hib than IgG2 antibody (13). We recently have extended these observations to examine complement-mediated bactericidal activity of clonally purified IgGl and IgG2 antibodies to Hib PS, using different inocula of Hib (45). With lo6 cfu/mL, we observed 2 to 3 logs greater bacterial killing with IgGl than IgG2 antibodies. Thus, the predominance of IgG2 antibody in the IgG antibody response of NK-1 may, in part, have contributed to this low serum bactericidal activity. However, subject K-2 also had a predominant IgG2 antibody response (Table I) , and both the sera and purified IgG antibodies showed effective bactericidal activity. Therefore, other factors must also contribute to the differences in the bactericidal activity observed with the NK and K antibodies.
We considered the possibility that the differences in functional activity between the NK and K sera might reflect differences in fine antibody specificity. As a first approach we examined the ability of different concentrations of Hib and E. coli KlOO polysaccharides to inhibit binding of IgG antibody to radiolabeled Hib PS (10). However, all four of the IgG fractions were inhibited by low concentrations of Hib PS, but not by >1000-fold higher concentrations of K100. Thus, these assays for fine antigenic specificity of the variable-region did not reveal consistent differences. There also were no differences between the antibodies present in the NK and K IgG fractions in the range of cross-reactive idiotype expression as determined by inhibition of antigen-binding by a goat antiidiotype serum (38).
The IgG antibodies in the two NK sera were found to have low avidity (Table 3) . Also, when these IgG fractions were remeasured by the RABA using 1/40 of the usual concentration of radiolabeled antigen (i.e. at antibody excess), lower values for the antibody concentrations were obtained (Table 3) . Had these lower values been assigned to these IgG fractions, the antibodies would have appeared to have had much greater functional activity per pg. Interestingly, contrary to the prediction (36), the slopes of the binding-dilution curves of these low avidity antibodies were not significantly different from those of the high avidity antibodies when assayed by our standard RABA or ELISA (Figs. 4 A and B) . The data from the ELISA confirm previous suggestions that the results obtained by ELISA may be relatively independent of antibody avidity, depending on the conditions of the assay (such as epitope density or serum dilution tested) (37). The avidity-independence of our ELISA may also explain the good agreement between the results of the RABA when performed with our usual antigen concentration and the IgG ELISA in measuring the respective antibody concentrations in the IgG fractions (Table 3) .
Our routine RABA (RABA-1) was adapted from that described (Granoff DM, unpublished data) . In our study, the RABA-2 was used to determine radioantigen binding for calculation of avidity (9). This assay uses 50 pL of the test sample in a final reaction volume of 70 pL instead of 500 pL used in the RABA-1. Also, the RABA-2 uses ammonium sulfate for radioimmune precipitation instead of polyethylene glycol (2 1).
As shown in Table 3 , both the RABA-1 and the RABA-2 appear to detect antibodies of low avidity, particularly when the regular antigen concentration is used. However, with the low concentration of antigen, the RABA-2 appears more insensitive than the RABA-1 for detection of low avidity antibodies. The reason for this difference is not known but may relate to the greater antibody concentration present in the RABA-2 reaction vial because of the smaller volume of diluent used. These data emphasize the importance of previous suggestions that the conditions of the RABA can markedly influence the anti-Hib PS antibody concentrations assigned to a serum (9, 36, 39) , particularly if the antibody is of low avidity (9). Finally, our results also suggest that measurements of antibody avidity may help predict the functional activity of antibody to Hib PS. If so, these results have important implications for assessing immune responses to Hib PS in children. Data recently presented suggest that immunized children may respond with lower avidity anti-Hib PS antibodies than immunized adults (48). Indeed, in preliminary studies of avidity and bactericidal activity of serum antibodies of infants 3 to 9 mo of age immunized with Hib PS outer membrane protein conjugate vaccine, we found that a high proportion of the children produced low avidity antibodies and that these antibodies were poor activators of complement-mediated bactericidal activity (Amir J, Liang X, Granoff DM, unpublished data).
In conclusion, the results of this study demonstrate heterogeneity in bactericidal and opsonic activity of vaccine-induced antibodies to Hib PS. Although measurement of total antibody concentrations by RABA or ELISA provides a good measure of the relative immunogenicity of different Hib vaccines, the results are not sufficient to predict functional and, possibly, protective activity of the antibodies. For this reason, studies of vaccine immunogenicity should also include measurements of isotype composition and functional activity. However, one problem in assessing antibody functional activity is that the assays are cumbersome to perform and difficult to standardize. Therefore, if further studies confirm a relationship between poor functional activity and low antibody avidity, then this latter measurement,
